Overlying sediment and pore waters were collected in summer and winter at upstream (Jintang) and downstream (Neijiang) sites of the Tuohe River, which is one of the five largest tributaries of the Yangtze River in China. Phosphorus species, including soluble reactive phosphorus (SRP), soluble unreactive phosphorus (SUP), and total dissolved phosphorus (TDP), and some diagenetic constituents including dissolved Fe(II), Mn(II), and sulfide in overlying and pore waters, were measured systematically. e seasonal variations and vertical distributions of phosphorus species in overlying and pore waters at both sampling sites were obtained to elucidate some aspects of the transport and transformations of phosphorus. Based on the profiles of pore and overlying waters as well as the TDN/TDP data during an algal bloom in 2007, it was clearly demonstrated that phosphorus was the main factor limiting the phytoplankton growth in the Tuohe River.
Introduction
Phosphorus is an essential nutrient for the growth of phytoplankton [1, 2] , but its presence in excess, mostly due to anthropogenic activities, can cause eutrophication and lead to fast phytoplankton blooms in oceans, lakes, and rivers [3] [4] [5] . Since the recognition of the influence of phosphorus in water bodies [6] , the scientific community has started to pay attention to the biogeochemistry of phosphorus in aquatic systems.
In natural waters, most of the soluble phosphorus is easily absorbed and utilized by aquatic organisms. In freshwater systems, phosphorus can be divided into total (TP), total dissolved (TDP), soluble reactive (SRP), soluble unreactive (SUP), and particulate phosphorus (PP) [7] [8] [9] . Sediments constitute the historical record of aquatic environments. e interaction between sediment and overlying waters via the sediment-water interface (SWI) could lead to the transport of phosphorus to the sediment as a storage site and also to the pore and overlying waters as a more available and more mobile source [10, 11] . erefore, the investigation of phosphorus species at the sediment-water interface is vital for the understanding of the aquatic environment and the nutrients involved in environmental biogeochemical processes. e Tuohe River in China is one of the five largest tributaries of the Yangtze River [12] . In this paper, two sampling sites named Jintang and Neijiang, located upstream and downstream of the river, respectively, were investigated. Samples including the overlying and pore waters as well as the corresponding sediments were collected in summer and winter at the two sites. e concentrations of the different fractions of soluble phosphorus were determined, and the vertical distributions of phosphorus species in overlying and pore waters were thus obtained to shine some light on the transport and transformation of phosphorus in this river system. 
2.2.
Overlying and Pore Water Sampling. Pore water samples were collected using peepers based on the in situ steady state diffusion method [13, 14] . Briefly, a volume of deoxygenated and demineralized water contained within a filtration membrane (0.22 μm) is allowed to equilibrate with the overlying and pore waters after a Plexiglas support has been inserted in the sediments. After a 14-day in situ equilibration period, the peepers were retrieved from the sediment by a diver and sampled immediately onsite. In each corresponding depth, a 1 mL subsample was collected into a 5.0 mL precleaned Teflon container to react and fix dissolved sulfide for further analysis. A 1.0-2.0 mL subsample was used to measure the pH, and the remaining volume of pore water was acidified to pH < 2 with ultrapure hydrochloric acid and stored at 4°C in a precleaned Teflon container for further determination of dissolved Fe [Fe(II)] and Mn [Mn(II)].
Limpid and not muddy overlying water was collected immediately in a 250 mL precleaned polyethylene container. Sediment cores were collected by a diver using a PVC corer at the same sites where pore water was collected. e sediments in the corer were sliced at each 1 cm depth and were placed in precleaned polyethylene containers using the method of coning and quartering. e results on the partitioning of phosphorus in solid sediments were reported previously [15] . All overlying and pore waters and sediment samples were stored in a glove-box bag filled with nitrogen gas to prevent oxidation and transported to the laboratory and kept frozen at − 80°C until analysis. Pore waters used for the analysis of phosphorus species were obtained by refrigerated centrifugation (speed of centrifugation 6000 rpm) of the sediment samples.
Analysis of Overlying and Pore Waters.
Dissolved oxygen (DO), oxidation-reduction potential (ORP), and conductivity in the overlying waters were obtained using the in situ YSI probe at each 0.5 m depth in the central part of the river at the two sites of Jintang and Neijiang. e phosphorus species in both overlying and pore waters were identified and classified as soluble reactive (SRP), soluble unreactive (SUP), and total dissolved phosphorus (TDP) as described by Effler et al. [16] . SRP was analyzed using the phosphor-molybdenum blue spectrophotometric method [17] according to the Chinese National Standards (GB 17378. . TDP in water was determined following a potassium persulfate digestion under 1.1 kg/cm 2 pressure at 120°C for 30 min to completely transform all dissolved phosphorus into SRP and then determined as TDP. e SUP content was obtained by the difference between TDP and SRP. e detection limit for the determination of SRP or TDP was 0.2 μg/L. e concentrations of Fe(II) and Mn(II) were determined using a flame/graphite atomic absorption spectrometer (Hitachi 180-80, Japan) [18] . e detection limits for Fe(II) and Mn(II) were 0.03 mg/L and 0.02 mg/L, respectively. e concentrations of S 2− in overlying water and pore waters were determined by the aminodimethyl-phenyllammonium spectrophotometry [19] , and the detection limit was 0.02 mg/L. A dilution plate colony counting method was used to enumerate phosphobacteria in triplicate. Phosphobacteria are aerobic bacteria that can enhance the degradation of SUP and the solubilization of phosphorus in the upper sediment pore waters. e plate count medium (NBRIP) was composed of 10 g of glucose, 5 g of MgCl 2 , 0.1 g (NH 4 ) 2 SO 4 , 0.25 g of MgSO 4 ·7H 2 O, 0.2 g of KCl, 25 g of Ca 3 (PO 4 ) 2 , and 25 g of agar completed to 1000 mL with deionized water. It was sterilized at 112°C for 30 min [20] . 10 g of sediment sample and 250 mL of sterile water were added into an Erlenmeyer flask with embedded glass beads. e flask was shaken for 30 min at 170 rpm. A tenfold dilution series was made to form 10 − 4 , 10 − 5 , 10 − 6 , and 10 − 7 suspensions. Portions of 0.1 mL were spread on PVK solid plate medium in triplicate. Colonies were counted after culturing at 28°C for 3 to 5 days.
Results and Discussion

Profiles of DO, pH, Conductivity, and ORP in Overlying
Waters.
e physicochemical parameters of a river are used to determine the water quality. For the sediments, important changes of these parameters in the overlying waters will greatly affect the migration and transformations of elements. erefore, the determination of physicochemical parameters in the overlying waters is fundamental to understand the basic properties and characteristics of the river. e results of physicochemical parameters of the overlying waters in two seasons at the two sampling sites are shown in Tables 1  and 2 , respectively (no winter data are available for Jintang).
Water temperature was the highest in summer, with higher temperatures of the overlying waters being measured at the Neijiang site. In summer, DO ranged slightly from 6.06 to 6.43 mg/L at Jintang and from 5.76 to 6.07 mg/L in Neijiang, whereas DO fluctuated from 8.06 to 8.58 mg/L at Neijiang in winter. e pH in the overlying waters at Jintang was 7.87; at Neijiang, it averaged to 8.10 in summer and 7.96 in winter.
Overall, the vertical distribution of conductivity, temperature, and pH showed very little change with depth. However, DO and ORP showed larger spatial and seasonal variations as these parameters are more sensitive to environmental change.
Distributions of pH and Dissolved Sulfide in Pore Waters
and at the SWI at the Two Sites. e distributions of pH and dissolved sulfide in pore waters at Jintang and Neijiang are shown in Figure 2 . Pore water at Jintang showed alkaline values both in summer and winter, and they were higher than at Neijiang where the pore water pH values were generally near neutral. Generally, the pore water pH at the two sampling sites decreased gradually with depth. e average pore water concentration of dissolved sulfide (mainly HS − at this pH) at Jintang was 0.45 mg/L, whereas it was 0.85 mg/L at the Neijiang site. Dissolved sulfide in the overlying waters of Jintang in summer was lower than the average concentration as expected from DO concentrations over the sediment. Two small peaks were observed: at − 14 cm and − 26 cm. e average concentration of dissolved sulfide in the pore water at the Neijiang site in summer was higher than that at Jintang, and two peaks appeared at − 4 cm with 4.72 mg/L and − 12 cm with 1.90 mg/ L, indicating sulfate reducing conditions at such depths as a consequence of the mineralization of organic matter.
At the Jintang site, the concentration of dissolved sulfide was lower in winter than in summer. is is likely due to higher DO in the overlying waters in winter and lessened bacterial activity in the sediment at lower temperature. Sulfate cannot be easily reduced to HS − /S 2− at the SWI when higher concentrations of DO are present in overlying waters.
Distributions of Phosphorus Species in Overlying and
Pore Waters. At the Jintang site, the vertical distributions of Fe(II) and Mn(II) were similar (Figures 3(a) and 3(b)), and the correlation between those two parameters was 0.94 in summer. A first concentration peak appeared at − 2 cm (10.82 mg/L Fe(II) and 5.59 mg/L Mn(II)), and then values decreased to a minimum at − 8 cm (2.3 mg/L Fe(II) and 1.02 mg/L Mn(II)) and increased again at − 10 cm, where dissolved Fe and Mn reached maximum values of 15.25 mg/L for Fe(II) and 4.85 mg/L for Mn(II). is indicates the occurrence of relatively reducing environments at about − 2 cm and − 10 cm, where Fe and Mn oxides are being used as electron acceptors for the mineralization of organic matter. is is also consistent with the distribution of HS − /S 2− in pore water in summer at the Jintang site. At this site, the average concentration of SRP in pore water was 0.081 mg/L, or 32.9% of TDP, and it generally decreased with increasing depth (Figure 3(c) ). SUP was the most important fraction of TDP, averaging 0.17 mg/L or 67.5% of TDP and following approximately the same trend as TDP with depth. If we assume that SRP represents orthophosphates, it can be expected that the high concentrations of dissolved Fe and Mn (in the millimolar range) and those of phosphates (in the μmolar range) at the same depths will likely exceed the solubility product of a compound such as vivianite, Fe 3 (PO 4 ) 2 or reddingite, and Mn 3 (PO 4 ) 2 and therefore limit the solubility of SRP.
ere are other possible factors that could explain the observed distribution characteristics of SRP. First, SRP in overlying waters was slightly higher than in pore water in summer, and the upward diffusion of phosphorus in the overlying waters led to higher SRP concentrations in upper porewaters. Second, with the increase of depth, the gradual onset of more reducing conditions steered the production of SRP and possibly SUP following the mineralization of organic matter, as most reactions using the various oxidants normally encountered in sediments such as Fe/Mn oxides, nitrates, or sulfates lead to the release of SRP [21] . In deeper sediments, orthophosphates can be reabsorbed onto the solid phase or (co-) precipitated as proposed above with Fe, Mn, or Ca (hydroxyapatite). ird, the vertical distribution of phosphobacteria at the Jintang site in summer as shown in Figure 3 respectively. Below − 10 cm, the distributions of these two elements were similar. A sharp peak appeared at − 11 cm (6.43 mg/L Fe(II) and 2.34 mg/L Mn(II)) at a lower depth compared to the summer likely due to relatively higher DO concentration in winter. e concentrations of SRP, SUP, and TDP (Figure 3 (g)) averaged 0.32 (0.024-0.85), 0.073 (0.011-0.24), and 0.39 (0.044-1.09) mg/L, respectively. is indicates that an average of 81.2% of TDP existed as SRP in pore waters in winter, and the vertical distributions of SRP and TDP were very similar (correlation 0.98). Figure 3 (h) also shows the vertical distribution of phosphobacteria in winter. e distributions of SRP and SUP are clearly correlated with that of phosphobacteria. In April of 2007, there was a large-scale outbreak of water hyacinth at the Jintang site, shortly after the winter sampling. e concentrations of SRP and TDP in winter were much higher than those measured in summer, with average concentrations of SRP and TDP of 1.02 and 1.18 mg/L, respectively. High values in overlying waters suggest diffusion from the overlying waters to the sediments. By comparing the contents of phosphorus species in the overlying waters of Jintang in winter and summer, we found that the overlying waters contained high concentrations of nutrients-phosphorus before the water hyacinth outbreak. Furthermore, because of the storage dam of the Kowloon Power Station in the Jintang section, the river in this section slowed down during winter. Because of the poor mobility of river water, the phosphorus in overlying waters has enough time to interact with the sediment system via the SWI. Due to the concentration gradient of phosphorus, a dynamic balance should be achieved between the phosphorus in the overlying and pore waters phosphorus, causing phosphorus in the overlying waters to diffuse into the pore waters. e distribution of dissolved Fe/Mn and phosphorus species in overlying and pore waters at the Neijiang site in summer is shown in Figures 4(a) and 4(c). e vertical distributions of dissolved Fe and Mn at this downstream site were also similar to a correlation of 0.82. A large peak of Fe(II) at − 5 cm (60.8 mg/L), Mn(II) at − 7 cm (15 mg/L), and the large concentration of HS − /S 2− (Figure 2 ) also at − 5 cm all indicate the existence of reducing conditions close to the SWI at this site in summer. Concentrations of the three dissolved components gradually decreased with increasing depth. e fluctuations in the concentrations of SRP (0.041-0.43), SUP (0.001-0.29), and TDP (0.13-0.67) mg/L showed no specific trends, which might be related to the nature of the site characterized by sandy sediments. e composition of sediments is very likely an important factor affecting the vertical distribution of phosphorus in pore waters at the Neijiang site in summer. Figures 4(d) -4(f ) shows the distribution of phosphorus species in overlying and pore waters in Neijiang in winter. No obvious correlation was found between dissolved Fe and Mn, and the few peaks of Fe(II) showed much lower concentrations than in summer at this site. e concentrations of SRP, SUP, and TDP were also fluctuated at this site where 56.1% of TDP in pore waters existed as SUP. e peaks of the various forms of phosphorus appeared almost at the same depth as Fe(II), indicating that the dominant factors reflecting the vertical distribution of phosphorus in winter at the Neijiang are related to the mineralization of organic matter and the phosphorus release from the sediment. As mentioned before, sand is an important component of the sediments in Neijiang where dissolved form of phosphorus can be adsorbed and desorbed as changes occur in water flow, biological stirring, etc. e composition, physicochemical properties, and surface characteristics of sediment particles are complex. Phosphorus adsorption can occur in two stages, the fast process of physical adsorption and a slow stage of chemical adsorption. Phosphorus adsorbed by physical adsorption cannot be strongly retained by the sediment particles and finally released as a result of flow shear stress [22] . e composition of the sediments in Neijiang may thus also reflect the distribution of SRP.
Seasonal Variation of Phosphorus Species in Overlying
and Pore Waters at the Two Sites. In the overlying waters, the total dissolved phosphorus mainly exists in the form of SRP at the two sampling sites, both in summer and winter. Because of the relatively high DO levels in the overlying waters, the decomposing ability of bacteria for SUP is favoured. At the SWI, TDP mainly exists in the form of SUP except at Jintang in winter. is indicates that the SWI plays an important role in the diffusion of SRP under specific conditions.
In pore waters, SRP was mainly in the form of TDP at the Jintang site in winter, while it was SUP in summer. e situation at the Neijiang site was the opposite illustrating that the distributions of phosphorus species are influenced Neijiang, summer (f ) Figure 2 : Profiles of pH and dissolved sulfide in pore waters at the two sampling sites, Tuohe River. by many factors, and these factors are not independent of each other. Without taking the exogenous phosphorus pollution at the Jintang site in winter into account, the concentrations of all phosphorus species in summer were higher than those in winter. e same was true for HS − /S 2− in pore water ( Figure 2 ) and also for dissolved Fe (Figure 3) , indicating that the sedimentary milieu of pore waters was a reducing environment, conducive to release of Fe/Albounded phosphorus. Although DO levels in winter were higher than in summer, the microbial activity was relatively low in winter due to lower temperatures, so that the ability of decomposition of SUP by phosphobacteria was weak. In summer, the ability of aquatic plant reproduction is strong, and these may supply DO to the water by photosynthesis. When the aquatic plants die, the residues in summer are more abundant than in winter. Moreover, because of the stronger decomposition ability of SUP by phosphobacteria at higher temperatures, the concentrations of phosphorus species were higher in summer than in winter.
Seasonal Variations of TDN/TDP in Overlying and Pore
Waters at the Two Sites. A typical alga should have an atomic composition of (CH 2 O) 106 (NH 3 ) 16 (H 3 PO 4 ), with a nitrogen/ phosphorus molar ratio of 16 : 1, which by weight is 7.2 : 1. e optimum ratio of nitrogen/phosphorus for the growth of water hyacinth is also 7 : 1 [23] which is basically the same as the molecular formula of typical alga. e vertical distributions of the ratio of total dissolved nitrogen (TDN) to TDP in overlying water and pore waters at Jintang (Figures 5(a) and 5(b)) and Neijiang (Figures 5(c) and 5(d) ) calculated on the basis of the TDN data using the same samples for the two sampling sites in summer and winter determined by Wu [24] and Zhang [25] are shown in Figure 5 . e TDN/TDP ratio in Jintang in summer was in the range of 40-273 in pore waters, whereas in winter, it was in the range of 5-221. At Neijiang, the TDN/TDP ratio in summer and winter was in the range of 12-562 and 45-483, respectively. In overlying water in Jintang and Neijiang in winter, the TDN/TDP was 6.61 and 53.49, respectively. e ratio of TDN/TDP in the overlying water of Jintang in winter (6.61) was suitable for the growth of water hyacinth, so we can estimate that TDN/TDP was one of the inevitable factors of water hyacinth outbreak, and it can be used as one of the early warning indicators to predict the outbreak of water hyacinth. In practice, phosphorus can be considered the limiting factor for algal growth when the weight ratio of TDN and TDP is larger than 10 [26] . erefore, the ratio of TDN/TDP in overlying waters in summer at Jintang and in summer and winter at Neijiang was much higher than 10, indicating that phosphorus was one of the main limiting factors for the phytoplankton growth of plants in Tuohe River.
Conclusions
e profiles of the different forms of dissolved phosphorus and of diagenetic constituents in overlying and pore waters at the upstream site of Jintang and at the downstream site of Neijiang of the Tuohe River were used to understand the spatial and seasonal factors affecting the dynamics of phosphorus in this environment. Based on these profiles and TDN/TDP data, it was possible to determine that the main controlling factors of the different phosphorus species are the types of riverine sediments and the sedimentary redox conditions. In the Tuohe River, SRP was the main form of TDP in overlying waters. However, in the muddy sediments at Jintang, SRP was the main form of TDP in winter, while it was dominated by SUP in summer. In the sandy sediments of Neijiang, SUP was the main form of TDP in summer while e microbial degradation of organic matter, changes of oxidation state of the environment, pH, DO, temperature, river flow, and granular composition of the sediments all affected the vertical distribution and mobility of phosphorus species. e mean weight ratio of TDN/TDP in pore waters as well as in the overlying waters at both sampling sites was generally higher than 10, so there was a potential for outbreaks of algal growth, but overall phosphorus has become the major factor limiting phytoplankton growth in the Tuohe River.
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